The emergence of extreme-drug-resistant (EDR) bacterial strains in hospital and nonhospital clinical settings is a big and growing public health threat. Understanding the antibiotic resistance mechanisms at the genomic levels can facilitate the development of next-generation agents. Here, comparative genomics has been employed to analyze the rapid evolution of an EDR Acinetobacter baumannii clone from the intensive care unit (ICU) of Rigshospitalet at Copenhagen. Two resistant A. baumannii strains, 48055 and 53264, were sequentially isolated from two individuals who had been admitted to ICU within a 1-month interval. Multilocus sequence typing indicates that these two isolates belonged to ST208. The A. baumannii 53264 strain gained colistin resistance compared with the 48055 strain and became an EDR strain. Genome sequencing indicates that A. baumannii 53264 and 48055 have almost identical genomes-61 single-nucleotide polymorphisms (SNPs) were found between them. The A. baumannii 53264 strain was assembled into 130 contigs, with a total length of 3,976,592 bp with 38.93% GC content. The A. baumannii 48055 strain was assembled into 135 contigs, with a total length of 4,049,562 bp with 39.00% GC content. Genome comparisons showed that this A. baumannii clone is classified as an International clone II strain and has 94% synteny with the A. baumannii ACICU strain. The ResFinder server identified a total of 14 antibiotic resistance genes in the A. baumannii clone. Proteomic analyses revealed that a putative porin protein was down-regulated when A. baumannii 53264 was exposed to antimicrobials, which may reduce the entry of antibiotics into the bacterial cell.
Introduction
Multidrug-resistant bacterial strains have emerged as the causes of nosocomial infections worldwide (Nikaido 2009 ). Recently, pandrug-resistant (PDR) bacterial strains, which are resistant to all antimicrobial agents except tigecycline and the polymyxins, and extreme-drug-resistant (EDR) bacterial strains, which are resistant to all antimicrobial agents, were isolated from hospital-acquired infections (Paterson and Doi 2007) . There is a huge risk of these "superbugs" extending into the community and threatening public health.
The Gram-negative, nonmotile, aerobic bacterium Acinetobacter baumannii is an example of a fast-evolving organism, which causes healthcare-associated infections (Garnacho-Montero and Amaya-Villar 2010). Acinetobacter baumannii was sensitive to most antibiotics in the 1970s, but now it is resistant to virtually all antibacterial drugs (Howard et al. 2012 ). Acinetobacter baumannii is responsible for approximately 2-10% of all Gram-negative infections in intensive care units (ICUs) and significantly increased mortality of infected patients (Poirel et al. 2003; Lockhart et al. 2007 ). Ribotyping and amplified fragment length polymorphism genomic fingerprinting approaches have identified three international groups of epidemic A. baumannii strains: clone I, clone II, and clone III (Dijkshoorn et al. 1996 ; van Dessel et al. 2004) . However, the fingerprinting-based methods can only provide very limited phylogenetic information, and their results cannot identify genetic distinctness within the same clones and among different clones. Thus, whole-genome sequences are required for thorough epidemiological analysis and antibiotic resistance profiling of A. baumannii.
In this study, we have sequenced a colistin-sensitive PDR A. baumannii 48055 strain and an EDR A. baumannii 53264 strain from the ICU of Rigshospitalet in Copenhagen, Denmark. Both these strains have similar antimicrobial resistant profiles and were sequentially isolated from two individuals who had been admitted to ICU, within a 1-month interval. Through comparative genomic analysis, we identified the origin and phylogeny of this A. baumannii strains. We also profiled the drug resistance mechanisms present in the genomes of these A. baumannii strains. We also analyzed the single-nucleotide polymorphisms (SNPs) between the A. baumannii 53264 and 48055 strains to shed light on the mechanisms for the evolution of a PDR strain into an EDR one. Furthermore, we have employed 4-Plex isobaric tag for relative and absolute quantification (iTRAQ)-based quantitative proteomic analysis to investigate the resistance mechanisms of A. baumannii 53264 strain toward three different classes of antibiotics: tobramycin, colistin, and ceftazidime.
Materials and Methods

Bacterial Strains and Patient Background Information
The A. baumannii 48055 strain was isolated from a patient with 50% burn trauma, in the ICU of Rigshospitalet, Copenhagen, Denmark, on September 2010. This patient received antibiotic treatment with meropenem (2 g intravenously [i.v.] , three times daily), ciprofloxacin (600 mg i.v., twice daily), and fucidin (500 mg i.v., three times daily) to prevent Gram-negative bacterial infections and treat Staphylococcus aureus bacteremia. After A. baumannii was found in the blood and airway, the treatment was changed to meropenem and colistin (6 million units i.v., once daily) and fucidin (500 mg i.v., three times daily).The treatment was later changed to meropenem (2 g i.v., three times daily), colistin (2 million units, three times daily), and vancomycin (1 g i.v., twice daily). After several operations to remove the necrosed tissues and skin transplantation, the patient recovered and was sent home.
A month later, the A. baumannii 53264 strain was isolated from a patient with 50% burn trauma, in the ICU of Rigshospitalet, Copenhagen, Denmark, on October 2010. This patient received antibiotic treatment with meropenem (1 g i.v., three times daily) and ciprofloxacin (400 mg i.v., twice daily) in the beginning, then with fucidin (500 mg orally, three times daily) due to S. epidermidis bacteremia. The treatment was changed to ceftazidime (1 g i.v., three times daily) with ciprofloxacin (400 mg i.v., twice daily) and vancomycin (1 g i.v., twice daily) to prevent Gram-negative bacterial infection and treat S. haemolyticus bacteremia. After A. baumannii was found in the blood and airway, the treatment was changed to meropenem (1 g i.v., three times daily), ciprofloxacin (400 mg i.v., twice daily), colistin (2 million units i.v., three times daily), and colistin inhalation (2 million units, twice daily). After several operations to remove the necrosed skin tissues and skin transplantation, the patient recovered very well and was sent back to the local hospital to continue treatment until complete recovery.
Antimicrobial Susceptibility Assay
Susceptibility of the two A. baumannii strains to 18 antimicrobial agents was tested by disc diffusion following the Clinical and Laboratory Standards Institute (CLSI) recommendations using the blood agar plate produced by Statens Serum Institut, Denmark. The A. baumannii 53264 and 48055 strains were resistant to all our tested antibiotics including ampicillin, aztreonam, ceftazidime, ceftriaxone, cefuroxime, chloramphenicol, ciprofloxacin, colistin, gentamicin, imipenem, mecillinam, meropenem, penicillin, piperacillin/tazocin, sulfonamide, tigecycline, tobramycin, and trimethoprim. To confirm this result, the minimum inhibitory concentration (MIC) was determined by microdilution for the A. baumannii 53264 strain, A. baumannii 48055 strain, and an antibiotic-sensitive A. baumannii strain 52082 to the following six representative antibiotics: tobramycin (aminoglycoside), colistin (antimicrobial peptide), ceftazidime (cephalosporin), tetracycline, ciprofloxacin (fluoroquinolone), and meropenem (carbapenem). Diluted overnight cultures of bacteria were seeded into wells containing serially diluted antibiotic stocks, from concentrations ranging from 0 to 1,024 mg/ml.
Genome Sequencing and Assembly
Whole-genome DNA of the A. baumannii strains were purified using Wizard genomic DNA purification kit (Promega) and sequenced by the Beijing Genomics Institute on an Illumina Hiseq2000 platform generating 90 bp long paired-end reads. Reads were mapped against the genome of A. baumannii ACICU (Genbank accession number CP000863) using Novoalign (Novocraft Technologies) (Krawitz et al. 2010) . The best assembly result was then assembled by SOAPdenovo (http://soap.genomics.org.cn/; version 1.05) with filtered data. Average insert sizes were 468 nucleotides, and the average genomic coverage depths were 112-116-fold. Pileups of the read alignments were produced by SAMtools release 0.1.7 (Li et al. 2009 ).
Genome Comparison
The A. baumannii 53264 and A. baumannii 48055 genomes were first compared with the genomes of 11 A. baumannii strains available from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. A pair-wise genome content distance matrix was computed using Progressive Mauve (Darling et al. 2010) , followed by whole-genome alignment. The distance matrix was converted to a heat map using the R heatmap function clustering package (http://www.r-project. org/). Progressive Mauve was then used to compare the genomes of these two strains with the genome sequences of 42 other A. baumannii strains (their genome sequences were downloaded from National Center for Biotechnology Information [NCBI] FTP site). First, the Mauve software computed a genome content distance matrix for all 44 A. baumannii strains, after which a neighbor-joining algorithm was used to produce a phylogenetic guide tree. Phylogenetic tree diagrams were prepared using the software FigTree ver 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).
Genome Annotation
For genome annotation, the A. baumannii 53264 and A. baumannii 48055 sequence files were submitted to the Rapid Annotations using Subsystem Technology (RAST) Server (Aziz et al. 2008) 
SNP Comparison and Analysis
The identification of SNPs between the A. baumannii 53264 strain, the A. baumannii 48055 strain, and the annotated A. baumannii ACICU strain (NC_010611) was performed using DNASTAR SeqManNGen and analyzed using DNASTAR SeqMan Pro software version 10.1.1 (DNASTAR, Inc., Madison, WI). Paired-end reads in FASTQ format were mapped against the respective annotated Genbank template file.
Prediction of Antibiotic Resistance Genes
The A. baumannii 53264 and A. baumannii 48055 sequences were also submitted to the Antibiotic Resistance Genes Database (ARDB; Liu and Pop 2009 ) and the recently described ResFinder database (Zankari et al. 2012) , with a 98% threshold for identification of genes involved in antibiotic resistance.
Nucleotide Sequence Accession Numbers
The Whole Genome Shotgun bioproject for A. baumannii 53264 has been deposited at DDBJ/EMBL/GenBank under the accession ALPW00000000. The version described in this article is the first version, ALPW01000000. The Whole Genome Shotgun bioproject for A. baumannii 48055 has been deposited at DDBJ/EMBL/GenBank under the accession AOSP00000000. The version described in this article is the first version, AOSP01000000.
iTRAQ-Based Proteomics Analysis
iTRAQ-based proteomic analysis was used to study the changes in protein expression of the A. baumannii 53264 strain in response to three antibiotics: colistin, tobramycin, and ceftazidime. Proteomics experiments were performed at the Proteomic Core Facility of the Biological Research Center, School of Biological Sciences, Nanyang Technological University, Singapore. A full description of the materials and methods is included as supplementary material, Supplementary Material online.
Results
General Characteristics of A. baumannii 53264 and A. baumannii 48055 Genomes
The clinical isolates A. baumannii 53264 and A. baumannii 48055 were isolated from the ICU of Rigshospitalet at Copenhagen, Denmark. Acinetobacter baumannii 53264 exhibited high resistance to all the 18 tested antibiotics, including tigecycline and the polymyxin, colistin; thus, A. baumannii 53264 is classified as an EDR strain. In comparison, A. baumannii 48055 is a colistin-sensitive PDR strain that was isolated 1 month before A. baumannii 53264. Both A. baumannii strains belong to multilocus sequence type ST208, a molecular type previously reported in European clone II (Runnegar et al. 2010) .
The general characteristics of the A. baumannii 53264 and A. baumannii 48055 strains obtained from the RAST server (Aziz et al. 2008 ) are presented in table 1. For A. baumannii 53264, we obtained 130 contigs with a total length of 3,976,592 bp and 3,791 predicted coding sequences. For A. baumannii 48055, we obtained 135 contigs with a total length of 4,049,562 bp and 3,858 predicted coding sequences. The average GC% of A. baumannii 53264 and A. baumannii 48055 is 38.93 and 39.00, respectively.
Acinetobacter Synteny and Phylogeny
The A. baumannii 53264 and A. baumannii 48055 genomes were first compared with the genomes of 11 A. baumannii strains available from the KEGG database. A pair-wise genome content distance matrix was computed using Progressive Mauve (Darling et al. 2010) , followed by wholegenome alignment. The distance matrix was converted to a heat map ( fig. 1 ) using the R statistical package and revealed that the A. baumannii 53264 and A. baumannii 48055 genomes had the greatest amount of similarity to each other. The average nucleotide identity between these two A. baumannii strains and another multidrug resistant strain A. baumannii ACICU (Iacono et al. 2008 ) from European clone II is 94% as determined by Progressive Mauve (Darling et al. 2010) .
To find out which clonal group the A. baumannii 53264 and A. baumannii 48055 genomes belonged to, Progressive Mauve was then used to compare the genomes of these two strains with the genome sequences of 42 other A. baumannii strains (their genome sequences were downloaded from NCBI FTP site). The phylogenetic tree based on the neighbor-joining algorithm shows that the A. baumannii 53264 and A. baumannii 48055 strains belong to the group of International Clone II A. baumannii strains ( fig. 2) .
FIG. 1.-Heat map based on a pair-wise distance matrix of whole-genome alignment as computed by Progressive Mauve. Pair-wise genome alignments were performed using the genomes of Acinetobacter baumannii 53264, A. baumannii 48055, and 11 A. baumannii clones whose complete sequences were available in the KEGG database. This heat map was created using the R statistical program (http://www.r-project.org/) with heatmap clustering methods. Dendrograms across the top and left of the diagram indicate the relatedness of the genomes based on genome conservation, while strain names are listed to the right of the heatmap. Distance values range from 0.0 to 0.3 and correspond to a gradient of color steps ranging from light blue (lowest distance value) to dark purple (highest distance value). Tan et al. similar, differing only in their sensitivity to colistin (MIC: 128 vs. 2 mg/ml). The A. baumannii 53264 and A. baumannii 48055 sequences were submitted to both the recently described ResFinder database (Zankari et al. 2012 ) and the older ARDB (Liu and Pop 2009 ) to identify genes involved in antibiotic resistance. Table 3 lists the genes involved in the resistance of these EDR A. baumannii strains to aminoglycosides, betalactams, sulphonamides, and tetracyclines.
Antibiotic resistance genes present in the A. baumannii 53264 and 48055 genomes are similar to those found in a wide variety of other bacteria. Acinetobacter baumannii acquires its multiantibiotic resistance phenotype through the acquisition of mobile genetic elements, for example, plasmids and transposons (Fournier, Richet, et al. 2006) . From table 3, we note that our A. baumannii strains possess the antibiotic resistance genes, aac(6')-Iaf and sul3, which are similar to genes present in Pseudomonas aeruginosa. Pseudomonas aeruginosa and A. baumannii are the two most prevalent nonfermentative bacteria isolated from hospital patients (Karlowsky et al. 2003) and can be assumed to be in close contact with each other, for example, in an infection site, thus allowing gene transfer. A striking example of this is transfer of an extended-spectrum b-lactamase integron (bla VEB-1 ) from P. aeruginosa to A. baumannii in a hospital setting (Poirel et al. 2003) .
Regarding beta-lactam resistance genes, our EDR A. baumannii strains carry the bla OXA-23 and the bla TEM-1 gene. The bla gene that confers imipenem resistance was first observed in Scotland (Scaife et al. 1995) but was later observed even in China (Zhou et al. 2007 ), in Bulgaria (Stoeva et al. 2008) , in Brazil (Carvalho et al. 2009 ), and eventually world-wide (Mugnier et al. 2010 ). The bla gene encodes a Class D beta-lactamase that confers resistance against carbapenems (e.g., imipenem and meropenem) and ceftazidime (Mugnier et al. 2010) . The bla TEM-1 gene encodes a Class A beta-lactamase that is found in 90% of ampicillinresistant Escherichia coli strains (Livermore 1995) . Because the bla TEM-1 gene is plasmid borne and utilizes transposon-mediated transfer, this gene spreads easily among bacteria and has been observed in Enterobacteriaceae, P. aeruginosa, and Haemophilus influenza (Bradford 2001 ).
Comparison of SNPs across A. baumannii Strains
We then studied the nonsynonymous (coding change) SNPs between the A. baumannii ACICU strain (Iacono et al. 2008) and our EDR A. baumannii 53264 and PDR A. baumannii 48055 strains. Table 4 presents the SNPs in three particular genes: ampC, gyrB, and parC.
Overproduction of the AmpC cephalosporinase by A. baumannii isolates has been shown to be important in conferring high levels of resistance to beta-lactam antibiotics (i.e., ceftazidime) (Corvec et al. 2003) . Point mutations within the ampC gene promoter and attenuator regions have been shown to result in the hyperproduction of AmpC in E. coli strains (Nelson and Elisha 1999) . In our case, the SNPs detected were within the ampC gene coding sequence. Molecular evolution of beta-lactamases confers extended substrate specificity, thus improving bacterial inactivation of a wider range of antibiotics (Nukaga et al. 1995) . In P. aeruginosa, point mutations within the ampC gene resulted in increased beta-lactamase activity of AmpC, which resulted in increased resistance to ceftazidime (Tam et al. 2007 ). The parC gene encodes subunit A of topoisomerase IV, whereas the gyrB gene encodes DNA gyrase B. These products are the target for inhibition by quinolone-based antibiotics, and mutations within the parC and gyrB genes confer resistance to quinolones (Yoshida et al. 1991; Vila et al. 1997; Eaves et al. 2004) .
The SNPs detected in the two A. baumannii strains are identical, except for an additional thymine inserted at position 31 of the ampC gene of A. baumannii strain 53264. The A. baumannii 53264 strain was isolated about a month after the A. baumannii 48055 strain was isolated, which would explain the additional time for mutation. This also lends support to the fact that the EDR A. baumannii 53264 strain has rapidly evolved from the PDR A. baumannii 48055 strain in as short as a 1-month period.
We then analyzed the SNP differences between the EDR A. baumannii 53264 and PDR A. baumannii 48055 strain to find out the reasons behind the evolution of colistin resistance. There were 61 nonsynonymous SNPs detected between the two strains (table 5) . From table 5, we noticed two SNPs within the histidine kinase sensor qseC gene; QseC is a highly conserved regulator of virulence that responds to both bacteria signals and host cell factors (Clarke et al. 2006) . Inhibition of QseC markedly reduced the virulence of Salmonella enterica serovar Typhimurium (Rasko et al. 2008) . Transcriptomic analysis revealed a role for QseC in the antimicrobial peptide (i.e., polymyxins) and oxidative stress resistance responses (Karavolos et al. 2008 ).
As these mutations occurred within a 1-month period, these 61 SNP changes indicate the fast evolution of the A. baumannii strains. Colistin resistance has been shown to result from a complete loss of lipopolysaccharide (LPS) production by deletion of LpxA, LpxB, and LpxD (Moffatt et al. 2010) or modifications of LPS through mutations in the pmrAB 
FIG. 3.-The
Venn diagram on the left shows the number of proteins whose expression was induced in the presence of a specific antibiotic. The Venn diagram on the right shows the number of proteins whose expression was reduced in the presence of a specific antibiotic. NOTE.-Cef, ceftazidime; Col, colistin; Tob, tobramycin. Percent coverage (%Cov) refers to the percent of the residues in each protein sequence that has been identified at 95% confidence level. Numbers in the Cef, Col and Tob columns refer to the fold change of the protein abundance when compared with the control sample (without antibiotics).
two-component system (Beceiro et al. 2011) . EDR strains are defined by their resistance to colistin; however, we were not able to detect any SNP changes that would confer resistance to colistin. Hence, we decided to use iTRAQ-based quantitative proteomics to study the proteome changes in the EDR A. baumannii 53264 strain in response to antibiotics.
Comparative Analysis of Antibiotic-Tolerance-Related Proteins of the EDR A. baumannii 53264 Strain Using iTRAQ
We then studied the stress response of the A. baumannii 53264 strain to treatment by three different classes of antibiotics (colistin, ceftazidime, and tobramycin) to understand the stress response of this EDR A. baumannii clone to various antibiotics. Figure 3 shows the number of proteins whose expression was induced or reduced in the presence of a specific antibiotic (ceftazidime, colistin, or tobramycin).
We defined induced proteins as those whose abundance was increased by at least 2-fold versus the control (without antibiotic addition). Conversely, reduced proteins were defined as those whose abundance was decreased by at least 2-fold versus the control. Overlapping regions of the Venn diagrams show the number of proteins whose expression was found to be commonly induced (or reduced) by one or more antibiotics.
There was more similarity in the genes induced (or reduced) in the presence of ceftazidime and colistin when compared with those induced (or reduced) by tobramycin. This indicates that the resistance mechanisms of A. baumannii 53264 strain to ceftazidime and colistin have more in common than its resistance mechanism to tobramycin. A different set of proteins may be required for its resistance to tobramycin. This could be due to the fact that ceftazidime and colistin target the bacteria cell wall (Hayes and Orr 1983) and cell membrane (Falagas et al. 2005) , respectively, whereas tobramycin targets the 30S ribosomal subunit (Walter et al. 1999) .
Next, we wanted to study the common set of genes that were induced or reduced by all three antimicrobials, as this would indicate a core set of genes essential to the stress response of EDR A. baumannii 53264 to antibiotics. Table 6 lists four proteins that were found to be commonly downregulated (by at least 2-fold) by A. baumannii 53264 in all three antibiotic treatments. (The list of commonly up-regulated proteins is included as supplementary table S1, Supplementary Material online.)
From table 6, we note the decreased expression of a putative porin (gij183211425). This outer membrane protein (OMP) was found to be at least 2-fold under expressed in all three antibiotic treatments, with the colistin treatment causing a more than 5-fold decrease in expression of this porin. OMPs are involved in the uptake of antibiotics into the bacterial cell. For example, the OMP OprD of P. aeruginosa has been shown to be important in the uptake of positively charged peptides and carbapenem antibiotics (Nikaido 2003) . Also, the expression of the OMP OmpW of A. baumannii was found to be reduced in a colistin-resistant strain (Vila et al. 2007 ). Hence, down-regulation of porin expression may reduce colistin uptake by the A. baumannii 53264 strain and explain its resistance toward colistin.
Supplementary Material
Supplementary table S1 is available at Genome Biology and Evolution online (http://www.gbe.oxfordjournals.org/).
